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quasi—s teady for a current discharge period of 800 micros.con~s. jas injecti ~
was continuous and was done in two ways — in one mod. it was introduced through
hollow elec t rodes , in the other it entered the channel through a narrow slit.
In the final version tested the channel was made of alumina and tungsten electrod s
were ussd . Impulse enhancement due to the bias field was determined by suspendi~
the magnet from piano wires and measuring its def lection when th. thruster was
fired. For argon injec tion through th. electrodes , the current was carried down-
stream from th. magnet in th. usua l self —field discharge mode and no magnet
deflec tion occurred. For axial injection of argon a large magnet deflection
occurred. H.ue-esa., this was found to be due to current carried on the sidewa Its
which was stabilized by the sidewa lls and which produced severe ablation of the
alumina . When a mixture of hydrogen and nitrogen was substituted for argon , no
magne t deflection occurred~~~~ndicating the absence of wall current and presumabl~
abla tion . In this test a cèamic rod spanning the channe l from one electrode cc
the other to stabilize the current in the magnet gap (flame holder) had no effect
It was concluded that impulse enhancement through the use of a bias magnetic
field is not feasible.
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1 INTRODUCTION

1 .1 RELEVANCE TO AIR FORCE NEEDS

Low total impul se requirements for Air Force satellites are presently
provided by small monopropellant rocket engines and resistojets. The
growth in total impulse capability needed for the near future is being met
by improving the useful lifetime of these engines. However, future satel-
lites requiring much larger total impulse , either for attitude control and
station keeping for long periods or for larger impulse maneuvers, such as
orbit repositioning, will require the high specific Impulse avail-abl e with
electric propulsion to avoid the unacceptable increases in propel lant mass
of the lower Isp chemical thrusters. Development of the pulsed ablative ,
solid propellant thruster is proceeding for the relatively low impulse

• stationkeeping missions . To perform orbit repositioning with lighter
weight than the chemical systems now in use, and to provide the capability
for future requirements of mul tipl e orbit shift maneuvers , a compact,
lightweight , rellaule electric thruster is needed. A pul sed electro-
magnetic thruster employing a strong bias magnetic fie1d appeared to be
a candidate for meeting this requirement with high efficiency.

• 1.2 MAGNETIC FIELD ENHANCEMENT

Plasma thrusters use the electromagnetic force developed by the plasma H

• current in the local magnetic field to accelerate the plasma mass away from
the thruster. In most cases the magnetic field is the resulta-~t of the
fields due to current flowing in the circuit and in the plasma , i.e., the
“self-fields.” For self-field accelerators, the current density at any
point in the plasma is

j= a (E-vB) (1)

where ~ is conductivity,. v Is plasma velocity, and E and B are electric
and magnetic fields. The directions of v, E, and B are mutually orthogonal
and j is parallel to E.

• 
~~~~~~~~~~~
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EquatIon (1) can be rearranged tr give

E a ~~. +V B  (21

After mul tiplicat ion by j this becomes

jE i.-.- ~~(iB)v (3)

which expresses the input power density as the sum of the ohmi c dissipation
power density and the rate of mechanical work per unit volume done by the

jB force density. If the only losses were ohmic, the efficiency would there—
fore be

- 
j Bv -+ j2

~or

• 

• 

_ _ _ _  (4)

aBv

For the simple case of a slab model with no bias field, with property
variations in the accel eration direction only, the magnetic field gradient
Is approximately B/S where 6 Is the interaction distance. Thus the
Na~~e1l Curl — H relation is . F

~~Z 1 B
(5)

where p is the permeability of space , and Equation (4) can be written

f l” - 1 
1

(6)
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but since the diffusion speed of the magnetic field relative to the
plasma i s

vd
a _

~i (7)

Equation (6) becomes

n ”— 1
1 (8)

where the magnetic Reynolds number RN is the ratio of the plasma velocity
to the diffusion speed. By multiplying the velocity terms by the accelera-
tion time it is seen that the Reynolds number is also equal to the ratio
of the acceleration distance to the field penetration depth ,

RN =~~~
. ~~ . (9)

This ratio is large compared to unity for electromagnetic machines because
the magnetic force is applied over a distance much larger than the dimen-
sion of the winding . This is also true for a metal plate accelerated impul-
sively by the rising current in a coil pl aced close to the plate , and for
an exploding supernova.

For attitude control and station keeping of present satellites, the
acceleration distance is comparable to the current sheet thickness so that
the Reynolds number is nearly unity and the efficiency Is l imi ted to about
50% because of ohmic losses alone. Al so for steady or quasi-steady plasma
thrusters the current and magnetic field penetrate the plasma for the same
distance over which acceleration occurs and the efficiency for such devices
is also l imited to 50%.

This l imi tation was recognized a few years ago during a study of
impulsive plasma acceleration by inductive coupl i ng between the plasma and
circuit currents that was conducted by TRW Systems for the Air Force Office

7
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of Scientific Research. An attempt was made at that tIme t~ Increase the
magnetic field in the interaction region through the use of inductively
produced bias magnetic fields. The first experiment of this kind was
successful . It used a pair of bias fiel d coils whose axes were ortho-
gonal to the accelerator coil axes so that the bias and accelerator cir-
cults were decoupled . Attempts were then made to incorporate this prin-
cIple in a practical thruster configuration by using coaxial bias and
accelerator coils. Shorted turn shield coils were used to decouple the
circuits. It was found that fields due to the current pul ses in the shield
coils effectively el iminated the bias fields at the time the plasma cur-
rent was developed.1

The program described in this report was an attempt to avoid the
limi tation of the inductive bias field accelerator by •i~ing a permanent
magnet to produce the bias field in an electrode thruster. It should be
mentioned that a large scale impulsive thruster offers another way to get
around the low Reynolds number l imitation , provided “slug model ” accelera-
tion can be used to avoid the 50% impact heating loss that occurs in “snow
plow model” acceleration. This may be feasibl e for future large scale
satellites.

~Daily, C.L., H.A. Davis , and R.H. Lovberg , “Mag~etic Field Annihilationof Impulsive Current Sheets ,” AFOSR-TR—76-0698, March 1976.

8
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2. THEORETICAL BACKGROUND

The physical arrangement Of the bias field thruster is indicated
• • schematically in Figure 1. The plasma is accelerated in a V-shaped ceramic

channel that Is placed between the pole pieces of a permanent magnet. Cur-
• rent flows through the plasma between the upper and lower electrodes. The

t thruster operates in the quasi-steady mode with gas entering the channel
through a narrow sonic slit and accelerating to a pressure less than 1 torr
in the current carrying region. In addition to accelerating the gas, the
divergent channel al so serves to decrease the magnetic fiel d in the acceler-
ation direction . The reason for this can be seen by considering first the
efficiency obtainable in a constant area channel .

GAS INLET
(SONIC SLIT) H

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ACCELERATED

TUNGSTEN
aw.iic ELE CTRODE
WALLS

Figure 1. Schematic Arrangement of Bias
Fiel d Thruster
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2.1 CONSTANT BIAS FIELD

It Is interesting that the appl ication of a bias field that Is both
spatially and temporally constant does not alter the ohmic efficiency. At
any location In the accelerator

or dv •j~ 
( 10)

dZ 1

where p is mass density , Z is the acceleration direction and i~ Is mass flow
rate per uni t area. For steady flow, and for a bias field that is l arge

compared to the self—fiel d, both th and B are constant. When Equation (1)

is differentiated

di dv• -

or with Equation (10)

which integrates to

(11)

10
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This relation for the current density can be combined with Equatton (101
to give

2

dv m B

which Integrates to

~~ •
.
~~~~~ 

(
~
, 4-~) (12)

Fron Equation (11) the ohmic dissipation power density is

-2 B2
~2 ~ 2 Z

P •
~~~~~

— •-
~~~~

— eU (13)

and by combining Equations (11) and (12) the kinetic power density Is

• jvB .
~~~~~~~~~~ (e 

~~~~~~~~~~~ 2~~B
2
Z) (14)

By integrating Equations (13) and (14) it Is found that

fPDdZ ~ k’~ 
•
~
) 2

and the ohmic efficiency Is 50% as it was for the self-field accelerator.

- 
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The variations with Z of the disstpattve end ktnetic power densi’ttes
are shown In Figure 2. The former Is a maximum at Z • 0 and drops one
e-fold by the time the kinetic power reaches Its maximum . It Is seen that
not only B, but a and th have no effect on the 50% limit on efficiency. The
e—fol d distance is c~B

2/~h and increasing the bias field wi th all other vari-
ables held constant simply reduces the scale of the acceleration distance
wi thout affecting the efficiency .

hO

DISSIPATION

0.5

KINETiC

0 2 2 3 -
a l

M -

Figure 2. RelatIve Dissipation and Kinetic Power
Densiti es (Cons tant E and B)

2.2 DECREASING BIAS FIELD
The ohmic efficiency limi t of 50% is not inherent in the bias fiel d

concept but is a consequence of the bias field being held constant. It can
be removed by using a field that decreases in the acceleration direction .
The reason for this can be seen intuitively by referring to Equation (1).
The current density (and hence the acceleration) drops to zero whenever

12
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v • E/B, i.e., when the back emf (in electric motor language) Is equal
to the applied electric field. This velocity (the plasma drift speed) is
low when B Is large. Thus by applying a large bias fiel d near Z • 0 the
50% limit on ohmic efficiency is reached when v is small , I.e., when both
the kinetic and ohmic energies are low. The B field is then decreased, at
constant E, so that E/B increases thereby increasing the kinetic energy.

This behavior can be examined in more detail by assuming that the
bias field varies inversely as the l ocal pole face separation . A linearly 

-

divergent channel is used , as illustrated in Figure 3.

V

INSULATION
MAGNET

VOl

z~~~

k
Figure 3. Accelerator Channel Geometry for Decreasing

• Bias Field

The distance from the centerline to the channel wall is y (at any Z)
and the distance to the magnet pole face is 

~~ 
If B0 represents the fIeld

strength at Z 0, then the value at any Z is

y
B~~ B .i...

°

but since

* 

~OB + Z tan ~

13
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it fol lows that

B
B i t l + Z ° Tan a (15)

~oB

Another consequence of the divergent channel geometry is that th is no
longer constant. If f~ represents the tota l mas s flow rate and h Is the
channel he ight then

M - 2 h~~

s ince

~ 
•~~ i 1 + Z T ancr

2 o\ y0

m 2hy0 (1 +Zl an a)yo

When Equations (15) and (16) are substi tuted into Equati on (10), the acceler-
atlon relation bec omes

+ Z Tan a~
dv 2hy0B0 ( ~~ Tan ( 17)

o8

Similarly the current densi ty, f rom Equation (1), becomes

(18)

14
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The circuit current is the integral of the current density over the
electrode length L, -

L L
- 

I * 2 fiydz 2y~ f(i +.f.Tana)idZ (19)

- 
0 0

and the local plasma density is given by

~ “ 2~71~ 2~0hv (1 +l— Tan)~~

A numerical procedure can be used to calcul ate accerator efficiency
by using Equation (18) to calcula te ,j at an axial position Z where E,
and v are known. Equation (17) then gives dv/dZ and the velocity at an

• adjacent downstream station becomes

y +~~v v + 
~~~~ 

(21 )

2.2.1 DImensionl ess Formulation

If the current density from Equation (1) is substituted into Equa-
- tion (10), the acceleration relation becomes

. 

*+E-vB)

or

~~~ 
o B 1 - (22 )

where E/B is the local drift speed. By making the initial value of B large
(where the magnet gap is a minimum) the plasma speed approaches the dri ft

~~~~ speed in less than a millimeter. The remainder of the accel eration occurs
with a smal l value for the difference term in Equation (22) multIplied by

- 
15
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a large coeffi cient. The magnitude of this coeffcient increases with the
conductivity, with the square of the loca l bias field and with decreasing
local density. This illustrates how a large bias field can compensate for
a low conductivity.

This point can be seen in a different way by completing the dimension-
less formul ation of Equation (22). Thus

V
d!7~~_ o L B 2

11 V 23
d~~

. Pv - ’  T7T

where L Is accelerator length, or since

a L B2 paLy 
_ RNQ V  / v 2\ ~~MA

\pu /

it fol lows that

d RN 
~‘ - ~%) (24)

The Af1y~n Mach number MA Is the ratio of the plasma velocity to the propagation
speed of magnetic waves in the acceleration di rection. By makin g this number
smal l , through the use of a strong bias fiel d, the effective Reynolds number
Is increased.

A more useful dimensionless formul ation for calculati on is to refer
the velocity to the exit value of the drift speed rather than to the local
value. Equation (23) then becomes

~~~ 2YEhLa B
E ( B ~~~~~~

) 
(25)

16
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where -

• V

E

L
B 

• 
1 + 

~~~~ 
la na

1 + C s— lanaYoB

y 1
y - ._- ...__ 0

- 1 + .L_iana
S Yo

and

2yEhLO BE
2 
*(__!~ \

- N \ A / E

The values for RN and MA are found after a calculation Is finished and 
~
‘Ehas been determined. Thus the exit values of RN and MA are given by

RNE it

I E \2 I E \  (26)
MAE *

• 
( ...![.‘~ 2y~h(

BE

17



~~~~~~~~~~~~~~~~~~~~~~~~ 
— — -

~~
• - —

~~~ •~~~~---— - — - •  — 
~~~~~~~~~~~~~~~~~~~~~~~~~~

From Equation (1) the dimensionless current density is

~~~~ _ *~~.) (27)

The ci rcuit current Is

I • J2~idZ 2YoLaEfQ~) 
(1 +~~ -Tana)d~

or in dimens ionless form

2y0LaE of ~! 
( 1 + ~ ~—Ta n a)d ~ (28)

The input power is

W • IV - 2y0hLaE2f(~r)(l +~.LTana)d~

and the ohmic loss is

~ •J~~-j
2dZ ~ 2y0hLaE2f(~~)(1 +C.~_Tana)d~

The ohmic efficiency is therefore

o1~ r)2(l +~ L~ana)dC
n~~ i -~~ — l  - — (29)-

f[~)(i +CL.Tana)dC

From Equation (29) a qualitati ve estimate of the efficiency is

n 1~~~
1
!~~~71

L 
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or , from Equation (24 )

dvi RNa~
. 

~~ (l - v i )
MA

After integration this  becomes

RN

n — l - e  A (30)

A plot of this relation is shown in Figure 4. The efficiency is over-
estimated but the importance of the Reynolds number parameter is correctly S

illustra ted.

IO~ 

I ~~~~~~~~~~~~~ TOR EFFICIEN~~

Figure 4. Effect of R14/M~ on Ohmic Efficiency

(2 ~.~~2,..L5 1o ,~~~ 2oo)
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2.2.2 Effect of Accelerator Parameters on Ohmic Efficiency

Figure 4 shows the effect of the parameter RN/M~ 
on ohmic efficiency

for the geometric parameters y08/y0 — 2, L/y0 - 10 and a — 20 . At a value
of 1.0 the efficiency is 40%, which agrees wel l wi th the self-field acceler-
ator estimate. At a value of 10 the efficiency has Increased to 84%.
The corresponding accelerator parameters are plotted in Figure 5.

The effects on efficiency of the magnet to channel gap ratio, the
channel length to gap ratio and the channel wall angle are shown in Fig.
ures 6 through 8, respectively. From Figure 6 it is seen that the gap ratio
should be as small as possible for maximum efficiency. This means that the
insulating walls separating the magnet pole faces from the plasma should be
as thin as possible. Figure 7 shows that the channel length should be
about 10 times the gap dimension.

The optimum length would require a tradeoff between efficiency and
magnet weight, which increases wi th channel length.

3

1.0 2 - 

t —

2Y 0L.I

0.3 t I7yo~

* _ _ _ _ _ _

0 C
0 I~ is

Figure 5. DImens ionless Accelerator Parameters vs
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• Figure 7. Effect of Accelerator Length on Efficiency at Two Va l ues
of (RN/M~)E ~‘oB”~’o 
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• 3. DESCRIPTION OF ACCELERATOR

3.1 CHANNEL
Several accelerator channels were tested during the program in an

attempt to decrease the amount of insulator oblation that was added to the
plasma during the discharge . The Initial channel is shown in Figure 9.
It was mounted to a lucite plate on one of the ports of a 4 x 8 foot
vacuum chamber as shown in Figure 10.

The electrodes of the channel shown in Figure 9 were made of 1/4-inch
thick brass while 1/ 16—inch thick glass plates were used for the side walls.
Gas was a~iiitted to the accelera ti on region through a sonic slit about
1/ 4 mm wide . The electrode separation was 2.5 cm. The electrode length
In the f low direction was 3.2 cm for the first device tested . This was
later shortened to 1.3 cm by covering the downstream portions wi th glass
plates . The last channel tested Is shown in Figure 11. It had tungsten
electrodes and all four of the channel surfaces were made of high purity
alumina . The edges where the surfaces joined were recessed such that the
RTV used for the vacuum seal , seen in Figure 11, was not exposed to the

• S -
_

5. - ~•M. - ~~~~~ ~~. 
-

- 
• •~

I

04 

-

Fig ure 9. Accelerator Channel
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FI gure 10. Accel erator Channel Mounted on Vacuum Chamber

plasma . For this model the only materials subject to ablation were alumina
and tungsten.

3.2 MAGNET

Recently developed Brown-Bovarl samarium-cobalt permanent magnets were
used to drive the b-las field magnetic circuit. A demagnetization curve for
this material Is shown bin Figure 12. As shown in Figure 12, eight  magnet
blocks were used in the structure (four in parallel and two in series).
Each of the blocks was 1.25 inches long and had a 1-Inch square cross
section.

The original design used four magnetic blocks with a minum um gap spac-
ing of 0.19 cm. The field measurements plotted In Figure 14 show that high
fields were obtained for the first few millimeters with low values near the
exit. The gap was opened to 0.51 cm to provide enough room for the glass
side walls so that the apex of the plasma volume would be near the leading
edge of the pole pieces. Field strength plots are shown In Figure 14 for
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Figure 11. Photograph of Ceramic Channel Showinci Gas
Manifold and Current Return Lead

four 1 six , and eight magnet blocks. The latter configuration was used for
most of the experiments . As shown in the figure , the field alono the axis
is prescribed reasonably well represented by the relation

0.954fly 
it - 

i 15in 22.5~1 +

The latera l variation of the magnetic field across the gap was measured
at several positions to determine the uniformity of the field at a given
ax ial station . The results , plotted In Figure 15 , show that the variation
was reasonably small.

For the last series of tests conducted during the program , those con-
ducted with the ceramic accelera tor channel shown in Figure 11 , the eight
magnet blocks were remounted in the pole pieces shown in Figure 16. For
this magnet, the narrow end gap was Increased to 0.35 Inch and the length
of the pole face (in the acceleration direction) was reduced to 0.7 inch.
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Figure 13. Bias Field Magnet

This moved the magnet forward relative to the electrodes so as to i ncrease

the bias field in the plasma current region.

3.3 CURRENT SOURCE

Current for the discharge was supplied by the six element pulse line
shown In Figure 17. Each section of the line had 780 ~iF capacitance and

6 ~iF i nductance. The total capac itance of the elec trol yti c capac itors
was 4800 ~F and the pulse duration of the line was

~ = 2 ~~~~= 82O~~ sec
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4. EXPERIMENTAL METHODS

4.1 EFFICIENCY MEASUREMENT

The experimental efficiency was found f rom the relation

- MV2 MVg~~
2J

or

T 1= 
8I9I~~ (32)

where~~I Is the impulse per shot, M is propellant ejected per shot and J
Is the product of vol tage and current at the electrode terminals integrated
over the discharge period. The ~~ was found from the relation

~ 
61 (33)

sp~~~~
The mass flow rate into the thruster was calculated using the measured
fillup rate of the vacuum chamber at constant supply pressure.

The impulse bitAl was determined by suspending the magnet structure
from a pair of 1.4 meter long piano wi res and measuring its deflection when
the thruster was fired; the deflection was of the order of 2 m and could
be read wi th a repeatibility of~~5% by using a microscope .

The impulse measured in this way Included only the electromagnetic
force arising from the interaction of the plasma current with the bias
field; it did not include the impulse due to the self-field acceleration .
Thus zero magnet deflection would indicate no gain in efficiency relative
to a self-field accelerator, rather than zero thruster efficiency .

An Independent measurement of total impulse was made by collecting the
accelerated plasma in a 12-inch diameter by 16-inch long cylinder of alu-
minum foil suspended from threads Inside the vacuum chamber. Four threads
were used, attached to a lightweight frame to which the cyl inder was
mounted. This method of suspension minimized the oscillati ons that were
Induced by the hi gh velocity gas flow through the accelerator before the
capacitor bank was discharged . The data reading technique was first to
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observe the po siti on of a poin ter at t a c  hod t o  t he  ‘~ Ii uder re l a t i v e  to a

meter ~ tick in the vacuum chamber w i t h  no ~ia~ t i  ow • t hen to estim ate t he

maximum det l ecti on in the qas stream bet ore and after the di sc ha roe  . From

the knoWfl ~ieoiue t r~ o t~ the s us pens i on the i nc re5i se in potent i~il enerqy of
the pendu 1 urn was cal Cu 1 a ted

The input enerqy in the denominator o t~ [qua t i on ( .~~~ was measured by

inteqi -at i nq the product of the cir cuit current and the ~o1 ta~ie across the
electrodes to,- each tes t  condit ion . A typical occ ii 1o~iraph record i s shown
in liqure I~ . A pa li’ of vol taqe probes and a di f ferent  hil ampi i fier were
used for the vol ta~ie data while the vol t ao e drop acr oss a low impedance
series resistor (0. 16 ‘m ~ ) was used to measure c urre nt . Ihe acc e l  o rator
impedance for this case is seen to he about ~0 in ~:

-I-

iE H
El oiire 1~ . Current (Upper Tra ce) and Ternii na I Vol ta~e ( [ow e,- Trace)

for a Typi cal Di scharqe (:0 V cm , 1 00 A ~-~~i

4 ..’ D I A G N O S T I C  ME A SUREMENTS

Measurements of current and magnet i c f ie lds in the plasma were made
wi th  min iature probes . Because of the small s i:e of th e thruster It was
not feasible to obtain mean i nqftj l spat ia l  d 1st ri hut ion of  thes e properties.

The measurements however were help ful in 1 oca t I nq the current • I . e.  • in

determining the princ i pa l features of the di scha ,*qe.

L ____________  ____________  
5 - - . . - — ,
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5. RESULTS

As can be seen from Equation (32) the ratio of ito Is Independent
of the mass accelerated and depends only on measurements of Al and J.
Measurements wi th the first accelerator tested (Figure 9) gave I5~~va1ue~
calculated from Equation (33) that led to efficiencies from Equation (32)
wel l over 100%. There appeared to be two possible explanations . One was
that the current ran partly along the glass sidewall and the other was that
additional mass was added by ablation . If current were running on the side-
wall it would produce a large force on the magnet without exerting a com-
parable force on the plasma because of wall friction . To examine this
possibility the lateral distri bution of the axial magnetic field was
measured midway between the electrodes . If this variation were monotonic
it would indicate current flow on the sidewalls , while If maxima and
minima were found it would show that the current was confined between those
peaks .

As shown in Figure 19, the axial magnetic field distribution at
2.9 cm from the gas injection slit showed well defined maxima and minima .
These features were not observed at 1.6 cm and it is possible that current
was flowing on the glass sidewalls at that location . Figure 20 shows that
a sharply peaked maximum in the axial variation of the same magnetic field
component occurred close to the 2.9 cm position . Since this corresponded
to the location of the epoxy—fiberglass plate to which the channel was at-
tached (Figure 9) it was felt that ablation was the cause of the spuriously
high values of the measured impul se. 

-

Inspection showed extensive charring of the plate had occured. To
check this possibility further , the plasma momentum was measured wi th the
ballistic pendulum suspended inside the vacuum chamber. The result , shown
in Figure 21, indicates good agreement between the magnet impulse and the
plasma impulse. This seemed to show that there could not have been
appreciable current flowing on the glass sidewalls.

Four glass plates were attached to the inner surfaces of the
accelerator that covered the plate and electrodes except for the f i rst - 

-

1.3 cm downstream from the apex . This modification isolated the epoxy
fiberglass plate form the discharge and prevented further ablation from
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Figure 21. Comparison of Magnet Impulse and Plasma
Impu lse Mea surements L

that source. At the same time the sonic slit was closed and gas injection
was moved to a pair of 1/8-inch holes in the upper and lower electrodes.
This change was made to simplify the gas supply system. Efficiencies
greater than 100% were again observed indicating that spurious mass
addition must still be occurring .

To obtain a more direct locati on of the plasma current, a min iature
Rogowsky probe was used.

It was roughly rectangular in shape with 5 cm long sides spaced

0.5 cm apart; the long dimension was -In the axial direction. An axial

scan of the total current passing through the probe window is plotted in

Figure 22. It can be seen that no current was runn ing forward of the 1 cm
position , i.e., the measured current remained constant to that axial
station. It then decreased rapidly, falling to 20% at 2 cm. This indicated

that the plasma current was concentrated in a layer a few nr wide at about
1 cm from the apex . It was suspected that epoxy , that was used to seal the
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slit- at the apex (between the glass side plates), was supplying mass by
ablati on.

This region was covered by placing another glass plate against the
inside surface of one of the sides and moving it forward to close off the
slit. A plasma current scan was then made and the results are plotted in
Figure 22 for compari son wi th the uncovered slit. The data extrapolate to
about 1000 amperes at Z 0. The measured circuit current for this test

1200 _ _ _ _ _ _

~ EPOXY PLATE COVUED
EPOXY PtA!! & APEX SUT

COVERED

+

\
- ;

400 _- _ _

0 _ _ _ _ _ _ _  _______

0 2 4
Z CM)

Figure 22. Axial Variation of Current in Rogowsky Probe
(450 volts)

was 3200 amperes. Since the probe area covered about one third of the
current-carrying cross section, the probe measurement appeared to indicate
that the current density was roughly constant.

After several hundred firings of the glass sidewall thruster, wi th the
modificati on described, it was found that the glass had been ablated by
discharges originati ng near the downstream edges of the large brass elec-
trodes. This showed that more care would have to be taken to reduce
ablation , and work on the nearly completed model shown in Figure 23 was
terminated. This thruster was built wi th a long , narrow plenum to permi t
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Figure 23. Glass Side-Wall Axial Injection Thruster
Designed for Reduced Ablation

axial gas injection between the closely spaced magnet pole pieces . But it
also used brass upper and lower electrode surfaces.

An all-ceram ic thruster channel was then built which used sonic gas

In jection through copper tubes inserted in the upper and lower ceramic
plates .

The initial tests wi th this model showed the same unrealisticall y
large impulse values that had been seen wi th the glass sidewall thrusters .
Because of the clean design , this was not thought to be caused by ablation.
A partial explanation appeared to be the interaction between the current
flowing in the electrodes and current leads and the fringing magnetic fields
above and below the magnet pole pieces . This possibil ity was examined

experimentally by conducting the current between the electrodes in a manner
that avoided the magnet field. This was done by attaching copper straps
to the electrodes inside the channel and extending them downstream , parallel
to the thruster axis for a distance of about 18 inches before crossing the
electrode gap.
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The magnet deflection was found to be nearly equal to that observed
in normal thruster operation . To elimi nate this effect, the current was
returned through a conductor placed between the pole pieces and the magnet
b locks at a l ocation such tha t no ma gnet sw i n g was observed when the
capacitors were discharged . This conductor can be seen in Figure 11.

The thruster was then operated in Its normal mode and very little
magnet swing was observed. This Indicated that the results achieved wi th
the glass sidewall model , using upper and lower surface gas injection may
have been spurious. Evidently the impulse delivered to the magnet had been
due to the interaction of the lead current wi th the fringing magnetic
field while the plasma impulse measured by the ballistic pendulum Inside the
vacuum chamber was due largely to the ablated mass . Thus these impulse
values were produced by different mechanisms (both of which were spurious)
and the good agreement in the magnitude of the effects was fortuitous .

As shown in Figures 24 and 25, substantial ablation was also
encountered wi th this model . Fi gure 24 is a close-up view of one of the
gas Injection/electrode tubes while Figure 24 shows the build -up of ablated
ma ter ial tha t develo ped on a l l four of the channe l sur faces. Because of
the color of this material it was thought to be copper only.

~ 

- 

- 

-

FIgure 24. Erosion of Copper Gas Inlet/Electrode in
Ceramic Model
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Figure 25. Ablated Material on Inner Surfaces of Ceramic Model
with Copper Gas Inlet/Electrodes

At this point it was suspected that the failure of the channel to
produce thrust was the result of the method of gas injection . The
colliding flow between the hollow electrodes stagnated at hypersonic speeds
such tha t a pressure of severa l torr resul ted . Th i s pressur e was too high
for a low resistance discharge so that the current would tend to flow well
downstream of the bias magnet field. A self-field acceleration would
occur i n th i s di schar ge, but no impulse would be del i vered to the magnet.
To overcome this d i ff icul ty , and hopefully reduce the electrode ablation ,

the thruster shown in Fi gure 11 was built. This also used ceramic walls
for all surfaces but the electrodes were solid and made of tungsten . As
with the first model tested , gas injection was through a sonic slit about
0.05 nm wide.

Again large magnet impulse measurements were made , indicating more than
100% efficiency at low , but reasonable , argon flow rates. After about 100
shots the ablation pattern shown in Figure 26 was seen. The material was
black and was thought to be tungsten . The extensive meltin g of the anode
shown In Figure 26 seemed to support this view . One additional attempt was
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Fi gure 26. Ablati on in Ceramic Thrus~ ’r with
Tungsten Electrodes 
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F i gure 27. Tungsten Anode Ablation
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made to stabilize the current in the bias field region by placin a a

ceramic rod between the electrodes as shown in Figure 28. After several

d ischarges , wi th no significant chan ge in performance , the ablation shown
— in Figure 29 was found . Not shown in this figure is a severe erosion of

the leading edge of the rod . Examination of this surface , an d the wal ls ,

wi th a microscope showed that much of the ablated mater ial was alumina .

The ceramic surfaces resembled a lava flow .

The fact that large magnet impulse values were measure d for both the

open channel and the ceramic rod (flame arrester) configuration indicates

that substantial upstream current must flow , presumably in the sidewall

boundary l ayers and carried by the ablated alumina . The ablation pattern

in Figure 27 supports this inter pretati on . 

—-5- 
-

Fi gure 28. Cerami c Rod “Flame Holder ” Before Testing
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Fi gure 29. Ablation of Channel and Anode After Testing
Ceramic Rod “Fl ame Holder ”

W i th th is result , it was decided that the high power densities for :
this mode of operation preclude the development of a practical thruster .

One fur ther test, made wi th a mixture of nitrogen and hydrogen
(N 2 + 2 H2) provided dramatic evidence that bias field thrust augmentation
-is not feasible. For this gas mixture , the radiation power density was
evidently too low to produce ablation and no magnet deflection was
observed.
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6. CONCLUSIONS .

1. Theoretical calculati ons of efficiency for the bias field thruster
indicate large performance gains relative to self-field thrusters.

2. In the absence of ablation , using a mixture of nitrogen and hydrogen
gases (N, + 2 Hz) the plasma current could not be stabilized in the
region oV the bias field so that no impulse gain due to the bias field
was obtained.

3. Wi th argon, substantial ablati on of the alumi na channel and tungsten
electrodes was found to be unavoidable.

4. It is concluded that a practical bias field thruster is not feasible.
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